This note derives and log-linearizes the equilibrium conditions characterizing the solution to the models we use in the main text. Our model assumptions correspond exactly to Steinsson (2007). Our notation also closely matches Steinsson (2007) with minor di¤erences. We point out these di¤erences where they arise.
A.1 Intertemporal decision problem
Household x located in home solves
subject to
where C t is consumption, P t is the nominal price of consumption, B t+1 represents a portfolio of state contingent claims held by household x; M t;t+1 is the state-price associated with this portfolio, W t (x) is the (possibly household speci…c) nominal wage rate of household x, L t (x)
is labor supply, t (z) is pro…ts received from home producer z, T t is lump sum taxes and t Iversen: Modelling Division, Monetary Policy Department, Sveriges Riksbank, SE-103 37, Stockholm, Sweden, (e-mail: jens.iversen@riksbank.se); Söderström: Modelling Division, Monetary Policy Department, Sveriges Riksbank, SE-103 37, Stockholm, Sweden, (e-mail: ulf.soderstrom@riksbank.se). The views expressed in this paper are solely the responsibility of the authors and should not be interpreted as re ‡ecting the views of the Executive Board of Sveriges Riksbank. is a country wide preference shock. The notation re ‡ects that …nancial markets are complete so consumption and the portfolio of state contingent claims are the same for all domestic households. The …rst order conditions associated with this problem are u c (C t ) = P t t ; (A2)
where t is the lagrangian multiplier on the budget constraint. Equations (A2) and (A3) imply
which holds in all states of nature in period t + 1. De…ning the gross nominal interest rate as
Et [Mt; t+1] we get 1 1 = I t E t u c (C t+1 ) u c (C t )
This is the consumption Euler equation which is slightly di¤erent from the equation in Steinsson (2007) . On page 8 Steinsson (2007) argues that
which should hold, he argues, if I t = 1 Et [Mt; t+1] . This is, however, not exactly true since the equation requires that I t = E t h 1 Mt;t+1 i
. To see this notice that equation (A5) implies
Taking the period t expectation yields equation (A7) with the alternative de…nition of the nominal interest rate. This di¤erence in consumption Euler equations is immaterial for the subsequent results, however, as they both reduce to the same log-linear expression. We will discuss this further below.
Using equations (A2) and (A4) we get the optimal labor supply relation
The notation indicates that the wage rate is household speci…c which will be the case under the assumption of heterogeneous labor markets. Under the homogeneous labor market assumption the wage rate is the same for all domestically located households. This implies that the labor supply will be identical across all households since the preference shock a¤ects all households 1 To see why this de…nition must hold, suppose that B t+1 (j) is a state contingent claim that pays out one unit of home currency if state j arise in period t + 1 and zero otherwise. M t;t+1 (j) is the associated state price (nominal price in home currency divided by the probability of the state). The expectation over all states then equals the cost measured in period t home currency of acquiring a unit of home currency for certain in period t + 1. This cost is the same as the inverse of the gross nominal interest rate.
identically.
Household x located in foreign solves
An asterisk denotes a foreign variable and " t is the nominal exchange rate de…ned as the cost in home currency of a unit of foreign currency. The …rst order conditions are given as u c (C t ) = P t t ; (A12)
Using equation (A12) and (A13) gives
Taking the period t expectation gives the consumption Euler equation
Notice that we may incorporate a foreign nominal interest rate into the model by de…ning
. This implies
Hence, we must have that
The log-linear version of this equation is the uncovered interest parity condition.
The optimal labor supply relation is given as
Using equation (A5) and (A15) we get
which must hold in all states of nature in period t + 1. This equation can be rewritten
where we have de…ned Q t = "tP t
Pt as the real exchange rate and assumed that Q 0 = 1.
A.2 Intratemporal decision problem
The previous analysis focused on how to allocate spending and work time optimally across time. We now analyze how households'choose spending optimally across di¤erent goods within a given period.
Aggregate consumption in home, C t ; is given by the following CES index
where C H;t and C F;t are bundles of home and foreign goods and where H;t F;t is a shock to the demand for home (foreign) goods. We assume that H;t + F;t = 1. Allocating spending in an optimal way requires min C H;t ;C F;t P H;t C H;t + P F;t C F;t (A23) subject to C t = C. Optimality requires
where
The subindices C H;t and C F;t are given as
These equations re ‡ect that the elasticity of substitution between di¤erent goods is production country speci…c. In other words, the elasticity of substitution is the same for goods produced within the same country regardless of where the good is sold. Allocating spending optimally requires
Using equations (A24), (A25), (A29) and (A30) we get that
The solution to the corresponding foreign problem gives rise to the demand functions
The corresponding price indices are
A government sector in each country …nances government spending through lump sum taxation. For convenience, government spending on goods follow demand functions identical to those used by the private sector.
B Firms
We assume that a continuum of goods producers exists in each country. Each producer uses a production function with decreasing returns to scale in labor and sells her particular good to households and governments in both home and foreign. The goods are sold under monopolistic competition and prices are staggered as in Calvo (1983) . Moreover, we assume that producers employ local currency pricing and therefore sets two prices, one for each market.
Following Steinsson (2008) , we consider two assumptions regarding labor markets. Under the …rst assumption each producer can only use the labor supply of a particular type of households in her production. Hence, labor markets are highly segmented. Under the second assumption, producers can use the labor supply of all households. In other words, the second assumption implies a country-wide labor market. We will consider each assumption in turn.
B.1 Heterogenous labor markets
Each producer z located in home has the following production function
where the left hand side of the equation denotes total demand for producer z's good. We use a slightly di¤erent notation compared to Steinsson with respect to producer z prices. More speci…cally he denotes by p t (z) and p t (z) the home and foreign price of the good produced by home …rm z. We use P H;t (z) and P H;t (z) to denote the same prices. The function f is increasing and concave. The notation re ‡ects that each producer, under the heterogenous labor market assumption, can only use the labor supply of a particular type of household denoted by
x. If the producer gets the opportunity to revise her prices in period t she solves
) subject to equation (B1). The parameter is the probability that a producer does not update her price in a particular period. It follows from the heterogeneous labor markets assumption that the nominal wage rate and labor demand in period T depends on when the producer has last updated her price. The …rst order conditions are
8 T t, where S t;T is the nominal marginal costs of production in period T for a producer that has changed price in period t: Using equation (A9) we can write equation (B5) as
Denoting total demand for producer z's good in period T by D t;T (z) the production function
Notice that we use a di¤erent notation than Steinsson for the total demand for producer z's good in period T . He uses y T (z) whereas we use D t;T (z) :
With this de…nition we can write real marginal costs
Equation (B3) can be written as
:::
This equation can be written
where t = Pt Pt 1 is the gross home in ‡ation rate. A similar manipulation of equation (B4) gives
The solution to the home producer's problem is characterized by equations (B1), (B7), (B10) and (B11). Similar equations characterize the solution to a generic foreign producer's problem.
In contrast to Steinsson (2008) we want to use output in our simulations. First, we want to investigate the volatility of the real exchange rate relative to output and second, we want to specify monetary policy rules that depend on output. In our models home nominal output in period t can be found by aggregating pro…t and wage income across all households located in home. Denoting home real output by Y t we get
where we have used that there are equally many households and producers in the economy.
Pro…ts t (z) are given as
where subscript t denotes the price charged in period t by …rm z, which not necessarily has been updated in period t:
is the wage bill of producer z. Aggregating across producers yields
Hence, real output is given as
Similarly, foreign real output can be written
B.2 Homogeneous labor markets
Under the homogeneous labor market assumption
where the function g has constant returns to scale in labor and capital, but decreasing returns to scale in labor. We assume, following Steinsson, that all producers are endowed with a nondepreciating stock of capital denoted by K (z). Each producer can use her capital stock in the production of her own good, or rent it out to other producers on country-wide capital markets.
By renting out their capital stock, producers receives the capital rental rate from the renters.
Producer z located in home solves
subject to equation (B17). The …rst conditions can be written as
Notice that
where the second equation holds because g ( ) has constant returns to scale. This equation
implies that all producers will use the same capital labor ratio, so
the implication is that marginal costs are the same across all producers within the same country.
Also, notice that equation (B22) can be written as
This equation de…nes the rental rate of capital and has no implications for the equilibrium dynamics of the remaining variables. We are not interested in the rental rate of capital, so we will not use this equation any further.
Using equation (A9) we can write real marginal costs as
This equation shows that real marginal costs depend on aggregate labor demand in home, not labor demand of producer z as under the assumption of heterogenous labor markets. We can …nd an expression for total demand for home goods in period T by integrating equation (B17) across all producers in home. This gives
The left hand side of this equation is total demand for home products which we denote by D T ,
Hence, we may write marginal costs as
Under homogeneous labor markets nominal output is also given by equation (B12). However, in contrast to the heterogeneous labor market model we now need to account for the presence of two production factors. We get that the pro…ts of home producers z are given by
Aggregating across producers yields
where we have used that
so we have the same expression as under heterogeneous labor markets. Hence, real output in home and foreign are given by equations (B15) and (B16).
C Steady state
In this section we discuss the non-stochastic steady states of the models. We focus on symmetric, zero-in ‡ation steady states where the growth rates of the real variables are zero. With symmetric we mean a steady state where all shocks and all real variables in Home and Foreign attain the same values, so e.g. C = C ; G = G ; = and so on, where a variable without a time subscript denotes the steady state value. Furthermore, the labor supply of all households are identical. Notice that because of the optimal risk sharing condition, the symmetry assumption implies that Q = 1: Steinsson focus on a steady state where Steinsson, 2007) . In contrast, in our steady state C +G = C +G = Y: Furthermore, because of the symmetry assumption Y = Y .
In the following we will discuss how to derive the steady state values of the various variables in the two models.
C.1 Heterogeneous labor markets
In the steady state we consider, real marginal costs are the same for all producers in Home and Foreign, which follows from the symmetry assumption. This, together with the fact that the steady state real exchange rate is unity, implies that all producers set the same relative prices
Equation (A31) then implies that P H =P = P H (z) =P . Similar conditions hold for the other indices P F ; P F and P H implying that we may write the resource constraints as
where we use L (x) = L and L (x) = L : Furthermore, in a symmetric steady state C = C ; G = G ; A = A ; and L = L so the resource constraints imply
The Home and Foreign CPI price indices, equations (A26) and (A37) can be written
These equations imply that
provided that 6 = 1 which is the relevant case in our analysis. 2 Using these conditions in equations (C4), (C5) and (C6) yields Using the fact that relative prices are unity, and home and foreign private and public
2 If = 1; the appropriate CPI price index is Cobb-Douglas so in the steady state 1 =
F with a corresponding relation holding for the Foreign CPI. These relations also imply
with a similar equation holding in Foreign. The optimal pricing relation (B10) implies
which, using the previous expression for C; may be written
As this equation implicitly de…nes L, it can be used to derive labor supply in the steady state, conditional on assumptions about functional forms and parameter values. Using this value of L; the steady state values of the remaining variables can be determined. In particular, we may use the fact that the de…nition of aggregate output in the two countries, equations (B15) and
We do not determine these steady state value here, however, as the log-linearized equations we will derive subsequently will not depend on these steady state values.
C.2 Homogeneous labor markets
The only di¤erence between the homogeneous and heterogeneous labor market models in the steady state is that production is determined by di¤erent production functions. Using the same arguments as under the heterogeneous labor market the resource constraint in the homogeneous labor market model implies
where K is the aggregate stock of capital in the economy. The optimal pricing relation then
This equation may be solved to yield the steady state value of L conditional on assumptions about functional forms, parameter values and the steady state value of K. Again, we will not do this, as the subsequent log-linearized equations do not depend on the steady state values of these parameters. What we will do, however, is to assume that two particular functions of the steady state values in the two models, denoted by ! and de…ned below, take the same value.
This function de…nes the elasticity of marginal cost with respect to demand.
D Log-linearizing the models
In this section we log-linearize the equilibrium conditions of the two models around the zero in ‡ation non-stochastic steady state. We use the linearized equations to determine the …rst-order equilibrium dynamics of the models.
D.1 Households
The equations characterizing the behavior of households are the two consumption Euler equations (A6), (A17) and the optimal risk sharing equation (A21). In log deviations from the steady state, these are given as
where a lower case variable denotes the log-deviation from steady state of the corresponding upper case variable. We have de…ned = 
D.2 Firms
We now turn to linearizing the home price indices, equations (A26), (A31) and (A32). We may rewrite (A26) as
First, a remark on notation. A lower case variable indicates a log-deviation of the real equivalent of the particular upper case variable from steady state. For instance, p H;t is the log-deviation from steady state of
Pt whereas c t is the log-deviation of C t as previously noted. Using this de…nition, we can write the previous equation as
where we have used that because H;t + F;t = 1; changes in relative demand have no impact on the price index up to the …rst order. We also use that all relative prices are unity in the steady state as discussed in section (C).
Because of the Calvo price setting assumption, in terms of log-deviations from steady state, equation (A31) can be written
where p h;t indicates the price set by producers changing price in period t and p H;t is the price index in period t: H;t is the log-deviation from steady state of P H;t P H;t 1
. Similarly for equation (A32): 
Similar manipulations of the foreign indices give
where we have used that F = H and H = F in the steady state.
D.2.1 Heterogenous labor markets
We now turn to the linearization of equations (B1), (B7), (B10) and (B11). Consider …rst equation (B1) which can be written
where the left-hand side indicate total demand in period T for the good of a producer that last changed her price in period t. The log-linear version of this equation is
where Y; C and G are the steady state levels of output, consumption and public spending and 
Linearizing the foreign equivalent gives
where b
T . We now turn to linearizing the expression for real marginal costs, equation (B7):
We use
where s is steady state real marginal costs, s t;T is log-linearized expression for real marginal costs and a T = log (A T ). This equation can be written
Notice that T does not indicate a log-deviation from steady state but instead measures the absolute deviation from steady state.
This expression is comparable to the second to last equation on page 9 in Steinsson (2007) except for the last term in the parentheses. Steinsson has
. It is straightforward to show that
Hence,
Moreover, we de…ne (as in Steinsson, 2007) 
v l (L; ) T so we have
Using the expression for d t;T ; equation (D16) we get
Similarly, real marginal cost in foreign is given as
These equations correspond to, but are slightly di¤erent from, equations (40)- (41) in Steinsson (2007) . In section E we explain the reason for this di¤erence.
We now turn to linearizing the optimal pricing relations equations (B10) and (B11). The log-linear version of equation (B10) is given as
where b T is the log-linear version of T : This expression can be written
Consider the last term in this expression:
Hence, the expression for p h;t is
which corresponds to equation (42) in Steinsson (2007) .
Similar manipulations of equation (B11) and the foreign optimal price relations give
Equation (D6) can be written
Using this relation and combining (D23) and (D28) gives
which corresponds to equation (46) 
where we have used that 1 c t+j c t+j = q t+j ; that p 
We now use that t+1 = H;t+1 p H;t+1 + p H;t which holds because t+1 = log
Using this relation gives
Similar manipulations of equation (D29) 
Similarly, we get
The calibration Steinsson uses has = . Hence, the variable p F;t p H;t is unimportant for the equilibrium dynamics. However, with 6 = we need an equation determining the evolution of p F;t p H;t : Using the Phillips curve relationships for H;t and F;t and H;t = t +p H;t p H;t 1 and F;t = t + p F;t p F;t 1 gives
which determines the evolution of p F;t p H;t : Notice that p F;t p H;t = t + q t where t is the home terms of trade.
D.3 Homogeneous labor markets
We now want to linearize the equations of the homogeneous labor markets model. Consider …rst equation (B28). The log-linear version is given as
Notice that does not enter this equation. To see why consider the …rst fraction entering
where the equality follows from equation (A31). The log-linear approximation of this fraction is given as Z
where p h;T (z) indicates the log-linear version of the real home price charged by home producer z in time T . This price might not have been changed in period T . Up to a linear approximation, this fraction does not a¤ect aggregate demand for home goods. We explain the intuition for this result in the main text.
The log-linear version of (B29) is
where ! is de…ned as
Now using equation (D6) and t+1 = H;t+1 p H;t+1 + p H;t we get
Similar manipulations of (D29) gives
The foreign relations are given as
Using equations (D10) and (D13) we get
Finally we need an equation determining the evolution of p F;t p H;t : Using the expressions for H;t and F;t gives t t
(1 + + ) p F;t p H;t + p F;t 1 p H;t 1 (D63)
where we have denoted by y t the log-linear expression for real output in home. In deriving this equation we use that the log-linear versions of
equal zero. Foreign real output can be written
To close the models we specify equations for the nominal interest rates. These are written as rules for monetary policy. We employ two speci…cations. Under the …rst speci…cation monetary policy is set as a function of domestic consumption and in ‡ation as in Steinsson (2008):
where " t and " t are home and foreign monetary policy shocks, respectively. Under the second speci…cation we instead assume that monetary policy depends on output instead of consumption:
E The log-linear models
In this section we summarize the log-linearized equations of our models and compare them with the equations used by Steinsson (2008) .
In all models the household sector is characterized by the equations
E.1 Our heterogeneous labor markets model
With heterogeneous labor markets, the supply side of the economy is characterized by the
e a t = (1 + !) a t ; e a t = (1 + !) a t ;
Finally, the monetary policy rules are given by
As mentioned above, we also use versions of the models where real output enters the interest rate rule. Under the assumption that productivity shocks are the only real shocks impinging on the economy we have that output in the two economies is given as
These speci…cations underlie the results in the main text. . The di¤erence re ‡ects that the way Steinsson log-linearizes the resource constraint is erroneous. More speci…cally he argues that Y t = C t + G t implies the log-linear relation y t = c t + g t : The correct version is y t = S c c t + (1 S c ) g t where S c = C=(C + G) is the steady state ratio of consumption to output. The implication is that if S c = 1 our and
Steinsson's heterogeneous labor market models are identical. With S c < 1 the two models will di¤er. As shown in the main text, however, these di¤erences are quantitatively unimportant.
E.3 Our homogeneous labor markets model
The only di¤erence between our homogeneous and heterogeneous labor market models is the speci…cation of the Phillips curves and the equation determining the evolution of p F;t p H;t .
Hence, the model consists of equations (E1)-(E3) and (E14)-(E15) in addition to
under the assumption that productivity shocks are the only real shocks impinging on the economy.
impulse response function. The second error is that Steinsson takes the absolute value of the impulse response when computing the up-life, half-life and quarter-life (various places in lines 50-69). To see the e¤ect of this error suppose an impulse response falls to 0:25 in period t and 0:25 in t + j whereafter it increases to zero. The true quarter-life is t but Steinsson's code will indicate t + j as the estimated quarter-life. The third error relates to the way the up-life is estimated and implies that all up-lives are one quarter too long (line 57). Table 2 somewhat. This latter e¤ect is most pronounced in the heterogeneous labor market model.
Removing the third programming error, that the up-lives are estimated to be one quarter too long, reduces the up-lives divided by the half-lives.
To summarize, is the relative standard deviation of the HP-…ltered real exchange rate with respect to HP-…ltered output;
S td ( q t )
S td ( c t )
denotes the standard deviation of the growth rate of the real exchange rate relative to the growth rate of consumption;
denotes the standard deviation of the growth rate of the real exchange rate relative to the growth rate of output. All statistics are medians across 1,000 simulations. As discussed in section F, we identi…ed three errors in Steinsson's Matlab code. We denote as error 1 the fact that Steinsson does not use all AR(5) coe¢ cients when computing the up-, half-, and quarter-lives. We denote as error 2 the fact that Steinsson uses the absolute value of the impulse response function when computing these lives. Error 3 is that Steinsson's up-lives are one quarter too long. The …rst row of each panel reports our reproduction of Steinsson's results using his models and calibration and Matlab code. The second and third rows report results using our models, Steinsson's calibration and Matlab code where we set Sc = 1 (second row) and Sc = 0:75 (third row). The latter is our benchmark calibration. The fourth, …fth, and sixth rows report results using our models, Steinsson's calibration and Matlab code where we corrected error 1 (fourth row) errors 1 and 2 (…fth row) and all three errors (sixth row).
